The potential of hydrogen as a clean renewable fuel source and the finite reserves of platinum metal to be utilized in hydrogen production catalysts have provided the motivation for the development of non-noble metal-based solutions for catalytic hydrogen production. There are a number of microorganisms that possess highly efficient hydrogen production catalysts termed hydrogenases that generate hydrogen under certain metabolic conditions. Although hydrogenases occur in photosynthetic microorganisms, the oxygen sensitivity of these enzymes repre-sents a significant barrier in directly coupling hydrogen production to oxygenic photosynthesis. To overcome this barrier, there has been considerable interest in identifying or engineering oxygen tolerant hydrogenases or gen-erating mimetic systems that do not rely on oxygen producing photocatalysts. In this work, we demonstrate photo-induced hydrogen production from a stable [NiFe]-hydrogenase coupled to a [Ru(2,2'-bipyridine) 2 (5-amino-1,10-phenanthroline)] 2+ photocatalyst. When the Ru(II) complex is covalently attached to the hydroge-nase, photocatalytic hydrogen production occurs more efficiently in the presence of a redox mediator than if the Ru(II) complex is simply present in solution. Furthermore, sustained hydrogen production occurs even in the presence of oxygen by presumably creating a local anoxic environment through the reduction of oxygen similar to what is proposed for oxygen tolerant hydrogenases. These results provide a strong proof of concept for engineering photocatalytic hydrogen production in the presence of oxygen using biohybrid mimetic systems.
Introduction
Hydrogen gas has tremendous potential to serve as a clean, efficient energy source. Harnessing this potential has been the focus of hydrogen fuel technology research in recent years [1] . The three primary areas of development are in hydrogen production, efficient storage, and catalyt-ic oxidation for use in hydrogen fuel cells. With respect to hydrogen production, much attention has focused on utilizing hydrogenase (H 2 ase) [EC 1.12.2.1] for the catalytic production of hydrogen from aqueous protons and electrons. H 2 ases, found in a variety of microor-ganisms including several lower eukaryotes, catalyze hydrogen oxida-tion and proton reduction according to the following reaction [2] . The high catalytic activities of H 2 ases make them exciting potential non-noble metal alternatives for hydrogen oxidation and hydrogen production for energy applications. However, as is the case for biologically derived materials, most of these enzymes lack the inherent dura-bility for practical use in materials applications. Nevertheless, a number of strategies have been reported to deliver reducing equiva-lents to hydrogenase in order to drive hydrogen production, including coupling the enzyme to an electrode [ into a low lying π* orbital of the bpy ligand [16] . Electron transfer occurs when the excited state undergoes quenching by a redox mediator such as methyl viologen, which can subsequently deliver the reducing equivalents to the resting state of the enzyme (Fig. 1 [10] [11] [12] [13] .
Covalently linking the Ru-complex to the surface of the enzyme has the potential to greatly enhance the efficiency of photoreduction over the aforementioned solution studies by increasing the proximity and local concentration of photocatalyst and reduced redox mediator relative to the proton reduction site on the hydrogenase [14, 15] . Carbodiimide mediated formation of amide bonds allows for the selective addition of primary amines to carboxylates located on the surface of a protein [17, 18] . Incorporation of 5-amino-1,10-phenanthroline (NH 2 phen) into the ruthenium complex, [Ru(bpy) 2 (NH 2 phen)]
2+
, allows for direct coupling to carboxylate residues on the surface of the hydrogenase.
In this study we report the covalent linkage of [Ru(bpy) 2 (NH 2 phen)] (PF 6 ) 2 (Ru(II) photocatalyst) to Thiocapsa roseopersicina H 2 ase to create an efficient photoreduction system to drive hydrogenase catalyzed hydrogen production. Because of its stability and low oxygen sensitivity, the [NiFe]-H 2 ase from T. roseopersicina might present an ideal system for applications in catalysis. Ruthenium based photoreduction used to drive hydrogen production from H 2 ase requires the presence of a redox mediator and sacrificial reductant, such as methyl viologen and EDTA respectively. Highest efficiencies of light-activated hydrogen production were observed when the Ru(II) photocatalyst was covalently linked to the H 2 ase (H 2 ase-Ru(II)) and sustained hydrogen production was observed in the presence of oxygen.
Experimental

Protein purification
T. roseopersicina, strain BBS, was grown under anoxic conditions on modified Pfennig medium [19] . H 2 ase (2.5-3 μM protein/1 g cells) was purified from T. roseopersicina cells, strain BBS according to previously published protocols [9] . Cells were collected in the logarithmic growth phase and were acetone treated before DEAE-cellulose DE 52 (Whatman, Great Britain), phenyl-sepharose CL-4B, and Sephacryl S-300 (Pharmacia, Sweden) chromatography described previously [20] . The purity was confirmed by SDS-PAGE. The concentration of protein in these samples was determined using the Bradford assay [21] with bovine serum albumin as a protein standard.
Synthesis of Ru(II) photocatalyst
[Ru(bpy) 2 (NH 2 phen)](PF 6 ) 2 was synthesized according to previously published procedures [22] . In brief, 0.350 g (0.725 mmol) [Ru(bpy) 2 Cl 2 ] and 0.142 g (0.725 mmol) of 5-amino-1,10-phenanthroline were added to 25 ml of methanol and allowed to reflux under argon for 3 h. The red solution was gravity filtered and an aqueous saturated solution of ammonium hexafluorophosphate was added to the warm mixture. The precipitate was collected and washed with cold water and ether to obtain the desired product with a 68% yield. 
Covalent attachment of Ru(II) photocatalyst to hydrogenase
Hydrogen production activity
Ru(II)-labeled T. roseopersicina H 2 ase was examined for the ability to produce hydrogen via photoreduction of water to hydrogen. Reaction mixtures containing 20 μl (20 nM) H 2 ase or H 2 ase-Ru(II), 0.02-5.0 μM Ru(II) photocatalyst, 4 mM methyl viologen (MV), 45 mM EDTA and 50 mM phosphate buffer, pH 5.5, were placed in a sealed quartz cuvette with an atmosphere of 100% nitrogen. The reaction mixture was stirred continuously (magnet stir bar) and initiated by adding sodium dithionite from a concentrated stock solution to a final concentration of 5 mM (control reaction) or by irradiating of the reaction mixture with 150,000 lx Xenon lamp (light reaction). The gas headspace of the cuvette was sampled using a gas tight syringe and analyzed by gas chromatography (GC-8A, Shimadzu Scientific Instruments Inc). In control assays containing just the Ru(II) photocatalyst, without added MV, a small amount of oxygen could be detected and is attributed to a small amount of decomposition of the Ru(II) photocatalyst. The H 2 ase activity is presented in units, where one unit is equal to 1 nmol H 2 /min per mg protein. Three or four replicates of each experiment were conducted and replicate measurements were never found to vary by greater than 5%.
Results and discussion
Ru(II) photocatalyst as an electron source for T. roseopersicina H 2 ase
Ru(II) photocatalyst and EDTA has been used as a donor of electrons to study photo-activated hydrogen production by the H 2 ase from T. roseopersicina. In a control experiment an anoxic solution containing 5 μM Ru(II) photocatalyst, 45 mM EDTA, and 20 nM H 2 ase was placed under constant illumination and monitored continuously for hydrogen production for 4 h. Hydrogen production was not detected, indicating that direct electron transfer from the light activated Ru(II) photocatalyst does not occur or is too slow to yield detectable hydrogen production over the course of the assay. These assays were repeated with the addition of a redox mediator (4 mM MV) and hydrogen was produced in response to illumination in the range of 200 units of H 2 ase activity. H 2 production activity for the stable T. roseopersicina H 2 ase is not detected in assays with sodium dithionite as a reductant so viologen dyes (benzyl and methyl viologen) are used as redox mediators to enhance the rate of reduction of H 2 ase. In control experiments with 4 mM MV and 5 mM sodium dithionite used as a reductant instead of the EDTA and Ru(II) photocatalyst, the activity of H 2 ase was 510 nmol H 2 /min per mg protein which remained constant after continued irradiation of this reaction mixture with 150,000 lx Xenon lamp for 10-12 h.
To investigate the dependence of hydrogen production on the concentration of Ru(II) photocatalyst, assays were conducted as described above but over a range of concentrations of Ru(II) photocatalyst (0.02-5.0 μM). The results of these experiments indicated that 2 μM Ru(II) complex is the concentration for maximal H 2 production in these assays (Fig. S1 in the Supporting information) . Photoactivation of H 2 ase in the presence of 2 μM free Ru(II) complex, 4 mM MV and an excess of the sacrificial reductant, EDTA (45 mM), results in 224 nmol of hydrogen per min per mg of protein which is 44% of the activity of H 2 ase using sodium dithionite as a terminal electron donor in the absence of light (Table 1 ). This specific activity is over 180 times the activities reported previously for hydrogen production by Desulfovibrio vulgaris H 2 ase driven by photo-activated Ru(bpy) 3
2+
/MV (1.22 nmol/min per mg protein) [12] .
Activity of H 2 ase-Ru photocatalyst adduct
Covalent coupling of Ru(II) photocatalyst to T. roseopersicina H 2 ase was achieved by carbodiimide mediated formation of an amide bond from the primary amine of the NH 2 phen ligand of the ruthenium complex presumably to carboxylates on the protein surface. SDS-PAGE was used to demonstrate successful coupling of the Ru(II) photocatalyst to the protein (Fig. 2) . Coomassie staining of the SDS-PAGE gel shows the two primary bands associated with the H 2 ase (Fig. 2A, lanes 1-3) . The presence of the attached fluorescent Ru(II) photocatalyst was monitored by SDS-PAGE gels under UV light. Two fluorescent H 2 ase bands appear after the coupling reaction (Fig. 2B , lane 2) and unreacted Ru(II) photocatalyst is removed by filtration (Fig. 2B, lane 3) .
The activity of H 2 ase samples after modification with Ru(II) photocatalyst was measured in the absence of light to investigate levels of H 2 ase activity recovered after covalent attachment of Ru(II) photocatalyst using sodium dithionite as a terminal reductant and MV as mediator. When assayed with sodium dithionite as a terminal electron donor and MV as a redox mediator the H 2 ase labeled with the Ru(II) photocatalyst retains greater than 50% of the activity of the unlabeled enzyme (Table 1) . Each H 2 ase was covalently linked to 2-3 molecules of the Ru (II) photocatalyst resulting in an overall concentration of photocatalyst in the assays of 27 ±1 nM as determined by ICP-MS (data not shown). The activity of the covalently modified H 2 ase in the light dependent reactions is 121± 1 nmol/min per mg protein, which is approximately 50% of that observed for the maximum activity of hydrogenase in the presence of 2 μM Ru(II) photocatalyst. However the overall concentration of photocatalyst in the labeled samples is~3 orders of magnitude less than the concentration of Ru(II) photocatalyst needed to achieve maximum activity. For a more valid comparison we determined the activity of the H 2 ase-Ru(II) based on the concentration of Ru(II) photocatalyst present. These results indicate that the activity of covalently modified H 2 ase per μmol Ru is 23 times higher (4481 ±43 units/μM Ru (II)) than the H 2 ase activity in the presence of 2 μM Ru(II) photocatalyst (112 ±2 units/μM Ru(II)) demonstrating that covalent attachment facilitates the effective electron delivery to H 2 ase active sites presumably by increasing the local effective concentration of reducing agent. This is supported by the results of assays in which a concentration of Ru(II) photocatalyst (27 nM) equivalent to that present in the Ru(II) complex coupled to the enzyme is added as free Ru(II) photocatalyst. The activity of non-modified samples of H 2 ase in the presence of 27 nM Ru(II) photocatalyst is more than 7 times lower (16 ± 1 units) than that of H 2 ase-Ru (II) (121 ±1 units).
The catalytic system for photo induced hydrogen production, containing 2 μM Ru(II) photocatalyst, 4 mM MV, 45 mM EDTA, and 20 nM T. roseopersicina H 2 ase reported in our paper is more efficient in comparison to previously published work (Table S1 in Supporting information). For example, the systems containing Ru(bpy) 3
2+
, methyl viologen, and mercaptoethanol as a source of electrons with hydrogenase from Desulfovibrio desulfuricans produced 14 nmol H 2 /min per mg protein [10] , which is 16 times less in comparison to the current work. It has been reported that D. vulgaris hydrogenase and bisviologen-linked ruthenium (II) complex with different methylene chain lengths between ruthenium complex and viologen produced 0.029 nmol H 2 /min per mg protein [14] . The highest photoinduced hydrogen production reported so far is 19.8 nmol H 2 /min per mg protein, published for the system containing 0.1 μmol ([Ru II (2,2′-bipyridine) 2 (4,4′-(Po 3 H 2 ) 2 -2,2′-bipyridine]Br 2 ) attached to TiO 2 , EDTA, 5 μM Desulfomicrobium baculatum H 2 ase, which is approximately an order of magnitude lower rate than reported in the present work. The only published work that did not involve the addition of a soluble redox mediator was the aforementioned work in which the photocatalyst was not free in solution and attached to a TiO 2 surface [25].
H 2 production in the presence of oxygen
Hydrogenase oxygen sensitivity represents a major barrier for many biohydrogen and biomimetic approaches to hydrogen Table 1 Light dependent H 2 production by T. roseopersicina hydrogenase.
